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ABSTRACT 
 
Background: The timing, location, and level of gene expression are crucial for normal 
organ development, since morphogenesis requires strict genetic control. MicroRNAs 
(miRNAs) are noncoding small single-stranded RNAs that play a critical role in regulating 
gene expression level. Although miRNAs are known to be involved in many biological 
events, the role of miRNAs in organogenesis is not fully understood. Mammalian eyelids 
fuse and separate during development and growth. In mice, failure of this process results in 
the eye-open at birth (EOB) phenotype. Results: It has been shown that conditional deletion 
of mesenchymal Dicer (an essential protein for miRNA processing; Dicerfl/fl;Wnt1Cre) leads 
to the EOB phenotype with full penetrance. Here, we identified that the upregulation of Wnt 
signaling resulted in the EOB phenotype in Dicer mutants. Downregulation of Fgf signaling 
observed in Dicer mutants was caused by an inverse relationship between Fgf and Wnt 
signaling. Shh and Bmp signaling were downregulated as the secondary effects in 
Dicerfl/fl;Wnt1Cre mice. Wnt, Shh and Fgf signaling were also found to mediate the 
epithelial–mesenchymal interactions in eyelid development. Conclusion: miRNAs control 
eyelid development through Wnt signaling. 
 
 
 
                                                             3 
INTRODUCTION 
 
MicroRNAs (miRNAs) are 19–25nt noncoding small single-stranded RNAs that negatively 
regulate gene expression by binding to target mRNAs. This binding is sequence specific and 
impairs the translation and stability of target mRNAs (Berezikov et al., 2006, Xie et al., 
2005). miRNAs are thus crucial molecules for regulating precise gene expression. 
Morphogenesis including organogenesis is composed of many sequential processes, which 
requires strict genetic control. Hence, the timing, location, and level of gene expression 
should be highly accurate for normal organ development. Therefore, it is believed that 
miRNAs play a critical role in organ development. However, the role of miRNAs in 
organogenesis is not fully understood. Proper experimental model is required to explore the 
precise role of miRNAs in organogenesis. 
 
The eyelid is an important organ for protecting and lubricating the surface of the eye. Each 
blink serves to spread fresh tears, remove debris, and replenish the smooth optical surface of 
the eye. Eyelids are constituted by many components including connective tissue, muscle, 
glands, and epithelium. Therefore, cells derived from all three germ layers are involved in 
eyelid formation. Eyelid formation also requires epithelial–mesenchymal interaction 
(Rubinstein et al., 2016, Ohuchi 2012). The epithelium is divided into the palpebral 
epidermis (the outer surface of the eyelid) and the palpebral conjunctiva (the inner surface of 
the eyelid). The palpebral conjunctiva is continuous with the bulbar conjunctiva (ocular 
conjunctiva), which covers the globe (Fig. 1A). The superficial bulbar conjunctival 
epithelium is continuous with the corneal epithelium (the outermost layer of the cornea). 
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Mammalian eyes require temporary fusion between the upper and lower eyelids during 
development and growth, which is believed to be essential events for correct eye 
development. The timing of eyelid fusion and separation is different between species. 
Murine eyelid development begins by groove formation at embryonic day 11 (E11), with 
protrusion of the eyelid primordia occurring at E12-E13. Epithelial ridges at the tip of the 
eyelid primordia meet and fuse to form an epithelial bridge at E15-E16 (Fig. 1B). The 
eyelids remain fused until postnatal day 12 when eyelid separation occurs (Findlater et al., 
1993). Failure of these processes results in the eye-open at birth (EOB) phenotype in mice. 
Unlike the mouse, human eyelids fuse and re-open in utero (Byun et al., 2011). 
 
miRNAs are synthesized in the cell by a multiple-step process and are initially transcribed as 
long primary transcripts by RNA polymerase II (Maiorano et al., 2012). The first transcript 
(pri-RNA) folds into a characteristic hairpin, which is cleaved by Drosha in complex with 
DGCR8 to release the 60nt stem-loop precursors (pre-miRNAs) that are exported into the 
cytoplasm. The cytoplasmic pre-miRNAs undergo final cleavage by the ribonuclease, Dicer, 
to produce mature miRNAs that assemble into an RNA-induced silencing complex (RISC). 
miRNAs are known to play critical roles in many biological events (Liu et al., 2015; Peng et 
al., 2013; Gargalionis et al., 2013, Otsuka-Tanaka et al., 2013, Oommen et al., 2012). 
Previous studies have shown an EOB phenotype in mice with mesenchymal conditional 
deletion of Dicer, but the molecular mechanisms remain unclear (Nie et al., 2011; Zehir et 
al., 2010; Huang et al., 2010, Sheehy et al., 2010). The EOB phenotype is an excellent 
model for understanding the precise role of miRNAs in organogenesis, since the EOB 
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phenotype has a readily identifiable morphology and was observed with full penetrance in 
Dicer mutant mice. 
 
In this study, a detailed analysis of eyelid development was performed in mice with 
mesenchymal conditional deletion of Dicer. Our results indicate that the lack of miRNAs 
leads to the upregulation of Wnt signaling, which results in the EOB phenotype.  
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RESULTS  
 
The eyelid develops through direct interaction between the epithelium and mesenchyme. We 
found that many miRNAs were expressed in both tissue types of the eyelid primordia (Fig. 
1C–1J). Since mesenchymal deletion of Dicer is known to lead to the EOB phenotype, 
miRNAs in the mesenchyme are essential for eyelid development (Nie et al., 2011; Zehir et 
al., 2010; Huang et al., 2010, Sheehy et al., 2010). However, it remains unclear whether 
miRNAs in the epithelium also play a critical role in eyelid formation. To address this 
question, we generated mice with an epithelial conditional deletion of Dicer using the 
keratin-14 (K14) promotor (Dicerfl/fl;K14Cre). K14 expression is observed in the eyelid 
epithelium from early stages of eye development (Fig. 2A, N=14/14, data not shown). 
Unlike mesenchymal deletion of miRNAs, no EOB phenotype could be detected in 
Dicerfl/fl;K14Cre mice, although no Dicer expression was confirmed in the eyelid epithelium 
of Dicerfl/fl;K14Cre mice (Fig. 2C, 2D). These results suggest that mRNA under the control of 
miRNAs in the eyelid epithelium are not crucial for eyelid development. 
 
As previous papers revealed, we confirmed that mice with a mesenchymal conditional 
deletion of Dicer by Wnt1Cre mice (Dicerfl/fl;Wnt1Cre) exhibit the EOB phenotype with full 
penetrance (N=45/45; Fig. 3B; Nie et al., 2011; Zehir et al., 2010; Huang et al., 2010, 
Sheehy et al., 2010). To assess whether this phenotype is caused by premature opening of 
the eye or an earlier developmental defect in the tissue fusion, we examined 
Dicerfl/fl;Wnt1Cre mice at different embryonic stages. Initiation of the eyelid primordium is 
observed as a groove formation in wild-type embryos at E11.5-E12.5, which was 
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indistinguishable in Dicer mutant mice (Fig. 3C, 3D; data not shown). Eyelid primordia then 
protrude in wild-type mice at E12.5-E13.5 but were retarded in Dicer mutants (data not 
shown). The epithelial ridge of eyelid primordia was fused in wild-type mice around E15.5, 
but an epithelial ridge could not be detected in Dicer mutants at this stage (Fig. 3E, 3F). 
These results indicate that the EOB phenotype was caused by an arrest of eyelid 
development and not premature eyelid opening. LacZ-positive cells were present in the 
entire mesenchyme of the eyelid primordium in R26RLacZ;Wnt1Cre mouse embryos, indicating 
that the mesenchyme of eyelid primordia is mostly composed of neural crest-derived cells 
when eyelid primordia initiate and protrude (Fig. 3G). This suggests that miRNAs are 
removed from most eyelid mesenchyme at the stage in Dicerfl/fl;Wnt1Cre mice. In order to 
confirm the deletion of matured miRNAs in Dicer mutant eyelid mesenchyme, 
semiquantitative reverse transcription-PCR analysis was performed. miRNAs observed in 
wild-type eyelid mesenchyme confirmed by in situ hybridazation were absent in 
Dicerfl/fl;Wnt1Cre mice (Fig. 3H). 
 
Eyelid development is known to be under the control of an intricate association of signaling 
pathways such as Shh, Bmp, Fgf, and Wnt (Gage et al., 2008; Luetteke et al., 1993, 1994; Li 
et al., 2001; Vassalli et al., 1994; Tao et al., 2005; Huang et al., 2009; Mine et al., 2005; 
Zhang et al., 2003, Zenz et al., 2003, Weston et al., 2004, Takatori et al., 2008, Smith et al., 
2000, Mine et al., 2005, Li et al., 2003). To identify candidate signaling pathways related to 
EOB phenotypes in Dicerfl/fl;Wnt1Cre mice, we performed qPCR, in situ hybridization, and 
immunohistochemistry analyses. 
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The Wnt signaling pathway is known to be involved in eyelid formation (Gage et al., 2008). 
To understand Wnt signaling activity in mutant eyelid primordia, Axin2 and Nkd1 (markers 
of Wnt signaling; Wharton et al., 2001, Lustig et al., 2002) was examined. We found 
upregulation of Axin2 and Nkd1 expression in Dicer mutants (Fig. 4B, 4C; P=0.043114). It 
has been shown that upregulation of Wnt signaling due to a Dkk2 mutation leads to the EOB 
phenotype (Gage et al., 2008), as well as ectopic hair follicle formation in the palpebral 
conjunctiva and a lack of transdifferention of the palpebral conjunctiva into epidermal tissue 
(Gage et al., 2008). Close morphological analysis was therefore performed in Dicer mutant 
mice. Ectopic hair follicles were also found in the palpebral conjunctiva of Dicerfl/fl;Wnt1Cre 
mice (Fig. 4E). To confirm whether the palpebral conjunctiva transdifferentiated into 
epidermis, we assessed the immunolocalization of Filaggrin (a differentiation marker of 
epidermis) in Dicer mutant mice. Filaggrin-positive cells could not be detected in the 
palpebral conjunctiva of Dicerfl/fl;Wnt1Cre mice, suggesting that this tissue does not 
differentiate into epidermis (Fig. 4G). In addition to these phenotypes, loss of the 
characteristic wavy morphology of the cornea stroma has also been reported in Dkk2 mutant 
mice (Gage et al., 2008). Keratocytes of the cornea stroma exhibit a characteristic wavy 
morphology in wild-type mice at E18.5, which has not not been present in Dkk2 mutants 
(Gage et al., 2008). Dicerfl/fl;Wnt1Cre mice also showed the lack of the wavy morphology of 
the cornea stroma (Fig. 4I). Thus, Dicer mutant mice exhibited ectopic hair formation 
without transdifferentiation of the palpebral conjunctiva into epidermis and loss of 
characteristic morphology of cornea stroma, which were phenocopies these of the Dkk2 
mutants. To confirm whether the upregulation of Wnt signaling is a direct cause of the EOB 
phenotype in Dicerfl/fl;Wnt1Cre mice, we cultured Dicer mutant heads with DKK2 protein 
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using the oxygenated rolling bottle culture system. This method of culture permits eyelid 
closure of wild-type mouse heads, whereas no eyelid formation was observed in Dicer 
mutants (N=15/15 WT, N=18/18 Dicer mutants; Fig. 4J–4O). The EOB phenotype of the 
Dicerfl/fl;Wnt1Cre mice was completely rescued by DKK2 protein (N=5/5; Fig. 4P–4R). 
DKK1 protein was also found to rescue the EOB phenotype in Dicer mutants (N=3/3; data 
not shown). These data suggest that the upregulated Wnt signaling is directly linked to the 
EOB phenotype in the Dicerfl/fl;Wnt1Cre mice. 
 
qPCR analysis also showed the significant reduction of Gli1 expression (a marker of Shh 
signaling) in eyelid mesenchyme of Dicerfl/fl;Wnt1Cre mice (Fig. 5A; P = 0.026867). Gli1 
was found to be expressed in both the epithelium and mesenchyme of the eyelid primordia 
(Fig. 5B). This indicates that Shh signaling is activated in both eyelid epithelium and 
mesenchyme in wild-type mice. In order to understand the role of epithelial or mesenchymal 
Shh signaling in eyelid development, we generated mice with conditional deletion of Smo 
(an essential protein for Shh signaling activation) using Wnt1Cre (Smofl/fl;Wnt1Cre) or 
K14Cre (Smofl/fl;K14Cre) mice. However, neither Smofl/fl;Wnt1Cre nor Smofl/ll;K14Cre mice 
displayed the EOB phenotype (Fig. 5D, 5E). On the other hand, it has been shown that mice 
with conditional mutation of Smo using Osr2Cre mice possess an EOB phenotype (Lan and 
Jiang 2009). Unlike Wnt1Cre, which is expressed only in the mesenchyme, Osr2 is found to 
be expressed in both epithelium and mesenchyme of wild-type eyelid primordia (Fig. 5F; 
Gao et al., 2009, Lan and Jiang 2009). Taken together, it is likely that lack of Shh signaling 
results in an EOB phenotype when Shh signaling is deleted from both epithelium and 
mesenchyme. To further investigate the effect of the downregulation of Shh signaling on the 
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EOB phenotype in Dicer mutants, we cultured Dicer mutant heads with SAG (a Smo 
agonist) to increase Shh signaling in Dicer mutant eyelid primordia using the oxygenated 
rolling bottle culture system. Gli1 was confirmed to be upregulated in SAG treated Dicer 
mutants by qPCR (Fig. 5G; P=0.0358). We also injected SAG into mother mice to increase 
Shh signaling in Dicer mutant embryos at E12.5, E13.5, and E14.5 (20 µg/g body weight). 
However, no sign of rescue of the EOB phenotype could be detected in Dicer mutants with 
SAG (N=6/6 rolling bottle culture system with SAG, N=4/4 injection of SAG; Fig 5I, 5K, 
data not shown). These data indicate that the downregulation of Shh signaling is unlikely to 
be a direct cause of the EOB phenotype in Dicer mutant mice. 
 
The Fgf signaling pathway is also known to regulate eyelid formation, since both Fgf10 and 
Fgfr2 mutations lead to the EOB phenotype (Li et al., 2001, Tao et al., 2005). To understand 
Fgf signaling activity in the Dicer mutant eyelid primordia, p-ERK (a marker of Fgf 
signaling) was examined in Dicer mutants. In wild-type mice, p-ERK positive cells were 
observed in the eyelid epithelium, which is consistent with Fgfr2 expression (Fig. 6A, Tao et 
al., 2005). p-ERK positive cells were reduced in the Dicerfl/fl;Wnt1Cre mice (Fig. 6B). Fgf10 
expression was also found to be reduced in Dicer mutant eyelid primordia, although 
statistical analysis showed no significant difference between wild-type and Dicer mutants 
(Fig. 6C). Unlike Dicer mutants, ectopic hair formation or loss of characteristic morphology 
of cornea stroma could not be detected in Fgf10 mutant mice (Fig. 6E, 6G). To further 
investigate the effect of downregulating Fgf signaling on the EOB phenotype in Dicer 
mutant mice, we cultured Dicer mutant heads with FGF10 protein to activate Fgf signaling 
in Dicer mutant eyelid primordia using the oxygenated rolling bottle culture system. 
                                                             11 
However, no sign of rescue of the EOB phenotype could be detected in Dicer mutant heads 
with FGF10 proteins (N=4/4; Fig. 6H–6J). This suggests that changes in Fgf signaling are 
unlikely to be a direct cause of the EOB phenotype in Dicer mutant mice. 
 
The Bmp signaling pathway is also known to be involved in eyelid formation (Huang et al., 
2009). To understand Bmp signaling activity in mutant eyelid primordia, p-Smad1/5/9 (a 
marker of Bmp signaling) was examined. Subtle p-Smad1/5/9 immunolocalization was 
found only in the tip of eyelid primordia of wild-type mice at E12.5 and E13.5 (Fig. 7A, 7C). 
P-Smad1/5/9 positive cells were more pronounced in wild-type at E14.5 when eyelid 
primordia became more evident (Fig. 7E). In Dicer mutants at E12.5 and E13.5, p-
Smad1/5/9 positive cells could not be detected, while obvious eyelid primordia was not 
formed (Fig. 7B, 7D). Subtle Smad1/5/9 immunolocalization was observed in Dicer mutant 
mice at E14.5 when the size of mutant eyelid primordia became similar to those of E12.5 
wild-type eyelid (Fig. 7A, 7F). Bmp4 has been shown to be involved in eyelid development 
(Huang et al., 2009). At E12.5, Bmp4 expression was found to be reduced in Dicer mutant 
eyelid primordia, although statistical analysis showed no significant difference between 
wild-type and Dicer mutants (Fig. 7G). To further understand whether the reduced Bmp4 
expression is involved in the EOB phenotype in Dicerfl/fl;Wnt1Cre mice, we cultured Dicer 
mutant heads with BMP4 protein using the oxygenated rolling bottle culture system. 
However, no sign of rescue of the EOB phenotype could be observed in Dicer mutant with 
BMP4 proteins (N=4/4; Fig. 7H). This indicates that altered Bmp signaling is unlikely to be 
a direct cause of the EOB phenotype in Dicerfl/fl;Wnt1Cre mice. 
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           DISCUSSION 
 
Smad4 is essential for mediating several signaling pathways including Bmp and Tgf, and 
mice with ocular conditional mutation of Smad4 (Smad4fl/fl/LeCre) show an EOB phenotype 
(Huang et al., 2009). Alteration of Bmp signaling has been shown to cause an EOB 
phenotype in Smad4fl/fl/LeCre mice. Bmp signaling thus play a critical role in eyelid 
development. In wild-type mice, Bmp signaling was found to be activated in the tip of eyelid 
primordia. At E12.5 and E13.5, Dicerfl/fl;Wnt1Cre mice exhibited the downregulation of Bmp 
signaling, while they also showed no obvious eyelid formation. The downregulation of Bmp 
signaling in Dicerfl/fl;Wnt1Cre mice was thus likely to be caused by the lack of eyelid 
primordia. We also found reduced Bmp4 expression in Dicerfl/fl;Wnt1Cre mice. However, 
exogenous BMP4 protein failed to rescue the EOB phenotype in Dicer mutants, suggesting 
that the EOB phenotype in Dicer mutant mice is thus unlikely to involve Bmp signaling. 
 
Fgf signaling is crucial pathway for eyelid formation, since both Fgfr2 and Fgf10 mutants 
show an EOB phenotype (Li et al., 2001, Tao et al., 2005). Fgf signaling is known to be 
activated in the eyelid epithelium, whereas Fgf10 is expressed in the mesenchyme. Thus, Fgf 
controls eyelid formation via epithelial–mesenchymal interaction. Our results show that Fgf 
signaling in eyelid epithelium is downregulated in mice with mesenchymal deletion of 
miRNA, which was accompanied with reduced Fgf10 expression in eyelid mesenchyme. 
miRNAs in mesenchyme are thus involved in the epithelial–mesenchymal interaction in 
eyelid development. Moreover, double mutation of the Fgf inhibitors Sprouty1 and Sprouty2 
leads to upregulation of Fgf signaling, which also results in an EOB phenotype, suggesting 
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that either lack or upregulation of Fgf signaling results in the EOB phenotype (Kuracha et 
al., 2013). Thus, fine-tuning of Fgf signaling is essential for proper eyelid development. 
Overactivation of Fgf signaling due to Sprouty1/2 mutation has been shown to result in the 
downregulation of Wnt signaling in the eyelid primordia. Conversely, downregulation of Fgf 
signaling due to an Fgfr2 mutation has been shown to lead to the upregulation of Wnt 
signaling in the eyelid primordia (Huang et al., 2009). Together, these findings indicate that 
there is an inverse relationship between Fgf and Wnt signaling in eyelid development. 
Interestingly, Wnt signaling in the eyelid primordia is mainly activated in the mesenchyme, 
whereas Fgf signaling is activated in the epithelium. The inverse relationship between Fgf 
and Wnt signaling also mediates the epithelial–mesenchymal interaction. In this study, 
exogenous FGF10 protein could not rescue the EOB phenotype in Dicer mutants, although 
Fgf10 was downregulated in Dicer mutants. Characteristic morphological features (ectopic 
hair follicle formation, characteristic wavy morphology of the cornea stroma keratocytes, 
and absence of palpebral conjunctiva differentiation into epidermis) found in Dicer mutants 
could not be detected in Fgf10 mutants. Therefore, the downregulation of Fgf signaling in 
Dicer mutants is caused as a secondary effect through the upregulation of Wnt signaling.  
 
Our results suggest that Shh signaling is downregulated in Dicer mutant mice but is not a 
direct cause of the EOB phenotype. It has been shown that Shh signaling is reliant on Fgf 
signaling during eyelid development (Li et al., 2001; Tao et al., 2005, Kuracha et al., 2013). 
This raises the possibility that changes in Shh signaling activity in Dicerfl/fl;Wnt1Cre mice are 
caused by disturbance of the interaction between Wnt and Fgf signaling.  
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We found upregulation of Wnt signaling in Dicer mutant eyelid primordia, which was 
accompanied with same morphological phenotypes (ectopic hair follicle formation, 
characteristic wavy morphology of the cornea stroma keratocytes, and absence of palpebral 
conjunctiva differentiation into epidermis) to those in mice with upregulation of Wnt 
signaling (Gage et al., 2008). In addition, reduced Wnt signaling by exogenous DKK protein 
rescued the EOB phenotype in Dicer mutants. These indicate that the EOB phenotype was 
caused by the upregulation of Wnt signaling in Dicer mutants. In common with Fgf 
signaling, fine-tuning of Wnt signaling is necessary for proper eyelid development, since it 
has been shown that downregulation of Wnt due to a Tcf3 mutation also results in an EOB 
phenotype (Wu et al., 2012). This also supports our hypothesis of the inverse relationship 
between Fgf and Wnt signaling in eyelid development. The fine-tuning mechanisms also 
raises the possibility that in organ culture experiments presented in this study, the amount of 
growth factors provided in the culture medium, whether the concentration is comparable to 
the in vivo situation, and the half-lives of the factors, could all affect the outcomes. The 
absence of miRNAs directly leads to an increase in mRNA, as they negatively regulate gene 
expression by binding to target mRNAs. Proteins that activate Wnt signaling are likely to be 
increased in Dicer mutant eyelid primodia due to the lack of miRNAs. It has been shown 
that several Wnt ligands are expressed in eyelid development (Liu et al., 2003). To analyze 
which of miRNAs expressed in the eyelid primordia could bind to mRNA of Wnt ligands, 
we used three programs (MiRBase, miRDB and TargetScan). Several miRNAs were 
identified as having binding potential for Wnt ligands (Supplementary Table). However, 
further investigation is needed to identify the target genes of miRNAs involving the 
upregulation of Wnt signaling in Dicer mutant eyelid development. We could not exclude 
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the possibility that these targets are novel factors or factors which have not been shown to be 
related to Wnt signaling, since Wnt signaling could be activated by a numerous factors 
including non-linagd proteins.  
 
In common with Fgf10, Bmp4 was also slightly reduced in Dicer mutants. It has been 
reported that there is interaction between Fgf and Bmp signaling in eyelid development 
(Huang et al., 2009). However, ectopic hair follicle formation found in Dicer mutants has 
also been shown in Smad4fl/fl/LeCre mice, but not in Fgf10 mutant mice  (Huang et al., 2009). 
It is possible that there is specific interaction between Bmp and Wnt signaling in eyelid 
development.  
 
Human eyelids are known to fuse and re-open in utero (Byun et al., 2011). Disturbance of 
embryonic eyelid formation leads to ablepharon – an absence or severe underdevelopment of 
the eyelids – a key feature of several syndromes such as ablepharon-macrostomia syndrome 
and blepharophimosis–ptosis–epicanthus inversus syndrome (Kallish et al., 2011, Rohena et 
al., 2011, Crisponi et al., 2001, Uda et al., 2004). However, little is known as to how failure 
of eyelid fusion or separation is associated with human eye anomalies. Understanding the 
developmental failures in mice with an EOB phenotype sheds light not only on the role of 
miRNAs in organogenesis and/or the mechanism of eyelid morphogenesis but also on the 
role of eyelid fusion and re-opening during human development. Eyelids are known to be 
one of the most difficult organs to repair because of their unique anatomic and functional 
requirements. Understanding the molecular basis of eyelid formation in mutant mice with an 
EOB phenotype may provide insights into developing new strategies for 
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reconstruction/regeneration therapy for the eyelid. 
 
 
 
CONCLUSION 
Conditional deletion of mesenchymal Dicer leads to the EOB phenotype with full 
penetrance. We identified that the EOB phenotype was caused by the upregulation of Wnt 
signaling, which was accompanied by downregulation of Shh and Fgf signaling as 
secondary effects. miRNAs thus control eyelid development through Wnt signaling. 
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MATERIALS AND METHODS 
 
Production and analysis of transgenic mice 
 Smofl/fl, Dicerfl/fl, Wnt1Cre, K14Cre , R26RLacZ and Fgf10-/- mice were produced as described 
by Jeong et al., (2004), Harfe (2005), Danielian et al. (1998), Yi et al. (2006), Soriano 
(1999) and Yasue et al., (2014), respectively. Embryonic day 0 (E0) was taken to be 
midnight prior to finding a vaginal plug.  
 
In situ hybridisation 
In situ hybridisation was carried out to detect mRNAs using [35S]UTP-labeled riboprobes or 
to detect miRNAs using locked nucleic acid probes labeled with DIG as described 
previously (Ohazama et al., 2008; Oommen et al., 2012). 
 
Immunohistochemistry 
After deparaffinization, sections were treated with proteinase K and then incubated with 
antibodies to Phosphorylated Smad1, Smad5 and Smad8 (p-Smad1/5/9; Cell Signaling 
Technology), Filaggrin (BioLegend) or Phosphrylated-ERK (p-ERK; Santa Cruz). Tyramide 
signal amplification system was performed (Parkin Elmer Life Science) for detecting anti-p-
Smad1/5/9 and anti-p-ERK antibody. Alexa488 was used for detecting anti-Filaggrin 
antibody. 
 
β-galactosidase staining 
β-galactosidase staining was carried out as described previously (Ohazama et al., 2008).  
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Quantitative-PCR (Q-PCR) 
Q-PCR was performed using GoTaq qPCR Master Mix (Promega) with the carboxy-X-
rhodamine (CXR) Dye and Rotor-Gen-Q (Qiagen) detection system. All samples were run 
in triplicate for each experiment, and relative transcript abundance was normalized to the 
amount of GAPDH. The epithelium and mesenchyme from eyelid primordia were isolated 
following incubation in a solution of Dispase (3 mg/ml) for 10–15 min at 37°C. After 
incubation, the tissues were mechanically separated and mRNA extracted with the RNeasy 
Mini Kit (Qiagen). 
 
Eyelid culture 
Eyelid culture was carried out as described previously with some modifications  (Imai et al., 
1996, 1998). The upper head including the eyelid region was separated from the fetal body. 
The upper head explants were immediately placed into a glass bottle containing culture 
media comprising 100% immediately centrifuged (IC) rat serum. IC rat serum was incubated 
at 56°C for 30 minutes to inactivate complement. DKK1 protein (R&D systems; 50ng/ml), 
DKK2 protein (R&D systems; 50ng/ml), SAG (Merck; 100nM), BMP4 (100ng/ml) or 
FGF10 (R&D systems; 50ng/ml) was added in serum for the EOB phenotype rescue 
experiments. The culture bottles were attached to a rotator drum and rotated at 14 rpm at 
37°C while being continuously supplied with 5% O2/ 95% CO2 gas mixture. At the end of the 
culture period, explants were fixed with 4% PFA, and processed for histological and 
molecular examination. 
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Semiquantitative reverse transcription-PCR 
The mesenchyme from eyelid primordia were isolated as descrived above. MiRNAs were 
purified from eyelid mesenchyme with the miRNeasy mini kit (Qiagen), and reverse 
transcribed with the miScript PCR system (Qiagen). Semiquantitative PCRs for mature 
mmu-miR-148a-3p, mmu-miR-218-5p, and mmu-miR-378a-3p were performed with the 
miScript PCR system (Qiagen), using the miScript Primer Assays (Qiagen) for all mature 
miRNAs for 30 cycles (Tm = 55 °C). 
 
Statistical analysis 
Excel Toukei (ver. 6.0) was used for statistical analysis, which was done with a two-tailed 
unpaired Student's t test and Mann–Whitney U test. P<0.05 was considered statistically 
significant. 
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Figure Legends 
 
Figure 1.  Structure of the eye and eyelid development. 
(A) Schematic illustration of the components in the normal eye and eyelid. (B) Schematic 
illustration of eyelid development. (C-J) Frontal sections showing in situ hybridization of 
miRNAs at E14.5. 
 
Figure 2. Eyelid development in Dicerfl/fl;K14Cre mice 
(A) Frontal sections showing in situ hybridization of K14 in wild-type embryo at E14.5.  (B, 
C) Frontal sections showing eyelids of wild-type mouse (B) and Dicerfl/fl;K14Cre (C) at birth. 
(D) Q-PCR of Dicer on mRNA isolated from eyelid epithelium between wild-type and 
Dicerfl/fl;K14Cre mice. 
 
Figure 3. Eyelid development in Dicerfl/fl;Wnt1Cre mice 
 (A, B) Newborn heads of wild-type mice (A) and the EOB phenotype in Dicerfl/fl;Wnt1Cre 
(B). (C-F) Frontal sections showing the developing eyelids in the wild-type embryo (C, E) 
and Dicerfl/fl/Wnt1Cre (D, F) at E12.5 (C, D) and E15.5 (E, F). (G) Frontal section showing 
LacZ staining in R26RLacZ;Wnt1Cre mice. (H) Semiquantitative RT-PCR for miR148a, 
miR218 and miR378a.  
 
Figure 4.  Wnt signaling in Dicerfl/fl;Wnt1Cre mice. 
(A, B) Frontal sections showing in situ hybridization of Axin2 in wild-type (A) and 
Dicerfl/fl;Wnt1Cre (B) at E12.5. Arrowheads indicate gene expression. (C) Q-PCR of Nkd1 on 
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mRNA isolated from eyelid mesenchyme between wild-type and Dicerfl/fl;Wnt1Cre mice. *; 
p<0.05。 (D, E, H, I) Frontal sections showing palpebral conjuctiva (D, E) and cornea 
stroma (H, I) of wild-type (D, H) and Dicerfl/fl;Wnt1Cre (E, I) embryos at E18.5. Arrow 
indicates ectopic hair follicles in the palpebral conjunctiva of Dicerfl/fl/Wnt1Cre mice (E). (F, 
G) Frontal sections showing immunohistochemistry of Filaggrin in the developing eyelid at 
E14.5. Arrowheads indicate the palpebral conjunctiva. (J-R) Organ culture explants of wild-
type (J-L), Dicer mutant alone (M-O) and Dicer mutant with DKK2 protein (P-R) before 
culture (J, M, P) and after 72 hours culture (K, L, N, O, Q, R). (L, O, R) Frontal sections 
showing histology of cultured explants. Arrowheads indicate developing eyelid in wild-type 
(L) and rescued eyelid in Dicer mutant (R).  
 
Figure 5.  Shh signal in eyelid development. 
(A, G) Q-PCR of Gli1 on mRNA isolated from eyelid primordia at E12.5. *; p<0.05。 (B, 
F) Frontal sections showing in situ hybridization of Gli1 (B) and Osr2 (F) in developing 
eyelid of wild-type at E12.5. Arrowheads indicate gene expression in developing eyelid. (C-
E) Frontal sections showing newborn eyelids in wild-type (C), Smofl/fl;Wnt1Cre (D) and 
Smofl/fl;K14Cre (E). (H-K) Organ culture explants of wild-type (H, I) and Dicer mutant with 
SAG (J, K) before culture (H, J) and after 72 hours culture (I, K).  
 
Figure 6.  Fgf signaling in eyelid development. 
(A, B) Frontal sction showing immunohistochemistry of p-ERK. Arrowheads indicate p-
ERK positive cells in wild-type (A) and Dicerfl/fl;Wnt1Cre (B). (C) Q-PCR of Fgf10 on 
mRNA isolated from eyelid primordia at E12.5. (D-G) Frontal sections showing the 
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palpebral conjunctiva (D, E) and cornea stroma (F, G) in wild-type (D, F) and Fgf10-/- (E, G) 
at E18.5. (H-J) Organ culture explants of Dicer mutant with FGF10 before culture (H) and 
after 72 hours culture (I, J). (J) Frontal section showing histology of cultured explants.  
 
Figure 7.  Bmp signaling in eyelid development. 
(A-F) Frontal sections showing immunohistochemistry of p-Smad1/5/9 in wild-type (A, C, 
E) and Dicerfl/fl;Wnt1Cre (B, D, F) at E12.5 (A, B), E13.5 (C, D) and E14.5 (E, F). Eyelid 
primordia including conjunctiva was outlined by red dots. Arrowheads indicate the tip of the 
eyelid primordia. (G) Q-PCR of Bmp4 on mRNA isolated from eyelid mesenchyme between 
wild-type and Dicerfl/fl;Wnt1Cre mice. (H-M) Organ culture explants of wild-type (H, I), 
Dicer mutant alone (J, K) and Dicer mutant with BMP4 protein (L, M) before culture (H, J, 
L) and after 72 hours culture (I, K, M). 
 
 







